Aerodynamic levitation of a multi component 17 w.t.% Si glass formed by rapid quenching of the melt phase was studied by high resolution X-ray diffraction (XRD) and Reverse Monte Carlo (RMC) modeling. The main local atomic order features comprised of interactions between Si, Fe and Mg polyhedra, the stereochemistry of which was on a par with literature. Both the glass and the liquid state appeared to consist of the same fundamental Si-O, Fe-O and Mg-O clusters, with only the relative number of each varying between the two. Transition from liquid to the glass involved a 3-fold decrease in uncoordinated O (to within the first minimum of the total g(r)) and a marked increase of Fe-Si-Mg polyhedra bridging O. Octahedral Fe coordination was not suggested by the RMC data. All-electron open-shell Density Functional Theory (DFT) calculations of the most prominent clusters suggested independence between the Fe oxidation state and its polyhedra O-coordination. Of secondary thermodynamic importance were indications of network-forming Fe 2+ and Fe 3+ distorted trigonal and tetrahedral polyhedra. In all occasions, the Fe ferrous and ferric states involved comparable binding energies within similar clusters which indicate a dynamic equilibrium between the two. 
Introduction
Multicomponent aluminosilicate oxides in the amorphous state are of ubiquitous engineering importance, largely as much as they are intractable in terms of their atomic structure. Applications related to these oxides are invariably dependent on their mesoscale properties, such as viscosity and thermal conductivity, which, in turn, have been correlated to the number and movement of cations through the silicate network and to the availability of free (not fully coordinated) oxygen atoms. In alkaline earth oxides, the basicity of the melt has been empirically related to the mass ratio of (CaO+MgO)/SiO 2 [1] and appears to be inversely proportional to viscosity [2, 3] . Certainly, complementary effects between network formers and modifiers are dependent on ionic radii, valence and electron orbitals [4] . Of particular interest, the melt oxide conductivity has been linked to the concentration of (ferric) Fe 3+ ions while the existence of the latter appears to depend on the Fe 3+ /Fe 2+ redox equilibrium [5] [6] [7] the kinetics of which are greatly affected by network-modifying cations [6, 8, 9] . Perhaps counterintuitively, Fe was reported to assume either in a network modifying or network forming role depending on its oxygen coordination rather than the oxide elemental concentration [6] . According to experimental observations, Fe tetrahedral (oxygen) coordination is achieved for all ferric iron when the Fe 3+ :Fe 2+ ratio exceeds 1:1 [10] . Octahedral Fe 2+ is widely assumed to act as a network modifier, whereas there is broad consensus, albeit not based on atomic studies, that tetrahedral Fe 2+ acts as a network former [7, 9] . To address the issue of atomic structure in complex, high temperature oxide systems, we have reported on the short-range order of a composite Fe-Si-Al-Ca-Mg-Cr-Cu-Ni oxide system in the liquid phase (1500
• C) studied via aerodynamic levitation, high-energy XRD and subsequent RMC simulations [11] . In that study, structural analysis of the RMC supercells revealed the presence a silicate polymerized network consisting of distorted SiO 4 tetrahedra chains terminated by AlO 4 units. Network modifying Fe and Mg atoms within the silicate cavities provided the necessary charge neutrality by competing for network-modifying positions [12] , with the Mg species exhibiting a greater affinity to the silicate bridging oxygens than Fe. Cr, although not assuming a network forming role, maintained a 4-fold coordination, effectively reducing the amount of bridging O atoms in the melt. The most probable atomic cluster, characteristic of short-range coordination, was found to consist of Fe and Mg atoms interchangeably connecting a silicate network of a four SiO 4 tetrahedra terminated by an AlO 4 unit.
In the current study, we extend our previous work into the glassy state by discussing the short range order of the Si-Fe-Al-Ca-Mg-Cr-Cu-Ni oxide glass as rapidly solidified by aerodynamic levitation after laser melting. The discussion is in direct comparison with the liquid state (as levitated) of the same material [11] . We proceed to correlate the glass high-energy XRD to the liquid state by means of Reverse Monte Carlo [13] and we qualify this comparison with DFT calculations of the most prominent cluster formations, in which focus is on the oxidation state of Fe and the role of network modifying Mg. We conclude by generalizing on the glass silicate network while rooted in first principles.
Materials and methods
A detailed account of collection and processing of the slag from the industrial smelting plant of LARCO S.A., in Larymna, Greece has already been given in [11] . For the sake of completeness we reproduce here that the system is Fe-rich by approximately 24.3% with a Si content of 17.6% and secondary inclusions of Mg, Al, Ca and Cr in the range 2.3-3.9%; concentration of each atomic species in the material is summarized in Table 1, while more detailed chemical analyses of the same system can be found in [11] and references therein.
A total of 15.5 mg of the slag sample was aerodynamically levitated by a compressed air flow initiating from a cooled conical nozzle, and was melted by a CO 2 laser with a maximum power of 100W at the BL04B2 beamline at SPring-8, Japan [14, 15] . Upon rapid cooling, the slag solidified to a final (near-spherical) diameter of 2.05 ± 0.02 mm, for which the corresponding density was estimated to 3.44 g/cm 3 , in agreement with the specific gravity-inferred density of the system as measured in [11] . The sample was then wrapped in Kapton foil and was measured in diffractometer flat-plate geometry at a wavelength of 0.20194 Å (61.39 keV). Based on raw data, corrected for background, polarization, absorption and inelastic scattering, the total structure factor was then calculated, normalized by the square of the average atomic form factor; the latter calculation was performed by a custom built subroutine running on the IGOR PRO software platform. For a more detailed account of experimental settings as well as data analysis, the reader is referred to [11] .
RMC simulations were performed via RMC_POT [16] . In RMC, the variance between the experimentally estimated and a calculated set of total structure factor data is minimized by a Metropolis importance sampling scheme, subject to the molar fractions and the X-ray scattering coefficients of each atomic species in the system. The atomic coordinates of the melt supercell presented in [11] were used as the starting configuration for the present simulation which was performed for a supercell of 3001, atoms in a cubic box with periodic boundary conditions imposed, keeping the number density fixed at 0.084 atoms/Å 3 . The number of each atom species in the RMC simulation is listed in Table 2 .
DFT calculations were performed with the Amsterdam density functional (ADF) program [17, 18] within the realm of the generalized gradient approximation (GGA). Electron exchange and correlation was addressed by the BLYP [19, 20] functional. Single-electron wavefunctions were expanded using the TZP and TZ2P uncontracted Slater-type orbital (STO) basis set, (a triple-ζ basis set with one and two sets of polarization functions respectively) for all atoms. All calculations were spin unrestricted by fixing an electron analogy of 13 α-to 10 β-and vice versa for every Fe 3+ ion; in a similar manner, unrestricted DFT calculations were carried out for Fe 2+ ions.
Results and Discussion
In the pre-levitation XRD spectrum of the material, presented originally in [11] and reproduced in Fig. 1 [21] . The XRD spectrum, of the aerodynamically cooled sample, characteristic of the material's glass state, is shown in Fig. 2 , also in comparison to the liquid (levitated) [11] . Table 3 lists details of the RMC simulation performed in this study, contrasted against that of the liquid state. Fig. 3 is a comparison of the RMC-estimated vs. the experimental total structure factor for both the glass and liquid. For the glass, XRD offered satisfactory resolution up to approximately 12 Å -1 ; the material's S(Q) shape below 0.7 Å -1 is suggestive of long-range ordering, while short-range order is flagged by the fluctuations between 5.5 and 11.5 Å -1 . Fig. 4 depicts the total g(r), as a Fourier transform of the experimental total structure factor, S(Q); also shown are the principal partials that make up short-range order. Corresponding first coordination shell radii (Å) for selected partials, for both the liquid and glass phase, are listed in Table 4 , while bond angle distribution peaks are presented in Table 5 . From Fig. 4 , short-range order is apparent up to an inter-atomic distance of 6 Å. Table 6 presents principal coordination features within the first minimum of the total RDF, for both the glass and the liquid phase. Differences arising from the transition from the melt to the glass will be discussed in the forthcoming sections; here we note that in the glass state, both network forming as well as network modifying cations are primarily tetrahedral in respect with oxygen ligands. However, the glass is essentially defined by the marked increase of tetrahedral Fe [7] .
As seen in Table 4 , the glass RMC Si-Si and Fe-Fe partials are somewhat underestimated compared to relevant literature and on a par with the liquid state. Si tetrahedra are near-ideal on the basis of their O-Si-O angle of 107
• , while distortion is flagged from corresponding small angles for the Al, Cr (93
• ) as well as Mg and Fe (87 • ) polyhedra (see Table 5 ). Linkage Si-O-Si and Al-O-Al angles of 117
• and 77
• signify corner and edge/face tetrahedra sharing, respectively. Transition from the liquid to the glass is accompanied by an overall increase of oxygen coordination for both network formers and modifiers, as portrayed in Table 6 ; the most striking such feature is in regard with Fe (see Table 6 ), for which almost 80% is 4-or 5-fold coordinated in broad agreement with data discussed in [6, 7] and references therein. The same behaviour is observed for Mg, while for both cations there is a fraction of 3-fold coordination, possibly of distorted trigonal planar configuration. Cr and Al in the glass state both remain tetrahedral upon transition from the liquid.
The oxygen environment of the glass is presented in Table 7 , in conjunction with the liquid; upon rapid solidification, there is a marked decrease of non-bridging oxygens (NBO) as well as uncoordinated oxygens; more precisely, Si NBO's have decreased from 14.6% to 9.2%, Al NBO's have decreased from 2.4% to 1.2%, while uncoordinated (to within the first minimum of the total g(r)) oxygens are reduced from 5.5% to 1.8%. At the same time, a modest increase of the Fe-Si, Fe-2Si and Si-Mg-Al cluster bridging oxygens (BO) and a marked increase of Fe-Fe, Fe-Si-Mg, Fe-Mg, Si-2Fe BO's formulate the glass long-range order. Perhaps surprisingly, the coordination number for the Fe-Fe and Fe-Mg partials remains constant and equal to 3 and 1, respectively, for both the glass and the liquid state. In contrast, Fe-Si coordination increases to 3 in the glass from a value of 2 in the liquid state. As seen in Table 7 , out of the top 80% of oxygen coordination features in the glass, a mere 9% is related to Al, while the bulk is comprised of interactions between Fe, Si and Mg; the same finding stands for the liquid phase. We, thus, concentrate our attention to Fe, Si and Mg clusters and we proceed to discuss these in the context of DFT. A number of Si, Fe and Mg oxide clusters were relaxed in the gas phase and are listed in Table 8 along with their respective binding energies normalized by number of electrons in every cluster. The clusters were chosen on the basis of the most frequent linkages as flagged by the oxygen environment shown in Table 7 ; consequently, they involved coordination combinations of 3 and 4 for Si-O, 3, 4 and 5 for Fe-O and 2, 3, and 4 for Mg-O. Simulations were run for both the ferrous and ferric state in every conformer. Based on cluster energetics, the average oxidation state of Fe was calculated in two manners; in the first, the oxidation state was expressed as the ratio (2E b 2+ + 3E b 3+ )/ΣΕ b , where E b 2+ and E b 3+ are the binding energy sums over all clusters that favour the ferrous and ferric state, respectively, and ΣΕ b is the sum of all binding energies for simulations 1 to 41, the latter concerning clusters all of which share the same corner (oxygen atom). In this manner the average oxidation state was estimated as 2.28. Similarly, the average oxidation state of Fe for clusters in which the Fe polyhedron is surrounded by Si and Mg clusters, again bound by single corner-sharing (simulations 42 to 47) was found to be 2.31. In the second manner, the binding energy ratios for simulations 1 to 41 were weighted by the fraction of each coordination feature as presented in Table 7 . In this manner, the (weighted) average oxidation state of Fe was found to be 2.32 in both the glass and the liquid phase. Figure 5 illustrates the effect of DFT-calculated Fe coordination by oxygen (inclusive of second neighbours) in respect to the binding energy for the range of clusters listed in Table 8 . As deduced from the data, the most thermodynamically favoured clusters involve the ferrous Fe state; in fact all such clusters terminate silicate chains and, by extension, the Fe ions can be characterized as charge-balancing network modifiers. As seen in Figure 5 , the easiest formed among clusters (with an associated binding energy of -2.09910 -2 a.u.) is a ferrous Fe centered tetrahedron in single corner linkage to three-and four-fold coordinated Si polyhedra. In contrast, network-forming Fe clusters surrounded by Si polyhedra, still preferentially engage the ferrous Fe state but are now less thermodynamically favoured, as seen in the cluster indexed 42 (see Figure 5 ) with an associated binding energy of -1.82210
-2 a.u.. In actuality, for every conformer in Table  8 , the ferrous and ferric Fe states may indeed co-exist, while thermodynamic preference is always on the ferrous state [6] . This trend is very much consistent across a range of Fe coordination by oxygen of between 3 and 5 and Fe coordination by Si of 1 to 3. Notably, substitution of Si by Mg clusters has no noticeable effect either on the mean oxidation state of Fe or on the thermodynamic preference of the system towards the ferrous state; this leads us to conclude that Fe 2+ naturally tends to assume a network modifying role regardless of its oxygen coordination, while it is in direct charge-balancing competition with neighbouring Mg polyhedra [8], a trend the origins of which we have already touched upon in [11] . Formation of Fe diclusters is also possible, albeit with reduced thermodynamic probability and at a Fe average oxidation state of 2.53, as calculated based on binding energetics; hence Fe diclusters favour equilibrium of the ferrous and ferric state under the oxygen coordination studied [6] .
Studies of Fe polyhedra-centered clusters (DFT simulations 42 to 47 in Table 8 ) reveal a trend, overall similar to that in Fe polyhedra-terminated clusters; the ferrous state is again thermodynamically favoured, even in tetrahedral coordination, although in close co-existence with the ferric state. Both Fe states exhibit their highest affinity as network formers coordinated by three Si tetrahedra (DFT simulations 42 and 45 in Table 8 ). The gradual introduction of Mg polyhedra in corner-sharing linkage to trigonal off-planar Fe conformers appears to have some stabilizing effect of the ferric Fe state [8]; however more DFT work needs to be carried out in order to generalize this observation into a trend.
Conclusions
A multi component silicate glass formed by rapid quenching of the melt phase during aerodynamic levitation was studied by high resolution XRD and RMC modeling. Local atomic order features of the glass were on a par with literature and both states appeared to consist of the same fundamental clusters, with the relative number of each varying between the glass and the melt. Transition from liquid to glass involved a 3-fold decrease in uncoordinated O (to within the first minimum of the total g(r)) and a marked increase of Fe-Si-Mg polyhedra bridging O. Spin unrestricted DFT calculations for Si-Fe-Mg oxide clusters suggested that the oxidation state of Fe does not depend on its polyhedra coordination, while Fe 2+ was found to assume primarily network modifying positions in competition with Mg. In all occasions, the Fe ferrous and ferric states revealed comparable binding energies within similar clusters which indicate a dynamic thermodynamic equilibrium.
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